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I. INTRODUCTION
Phosphate glasses have particular properties, such as low glass
transition (Tg) and dilatometric softening temperatures, high
thermal expansion coeﬃcients (TEC), and high UV transpar-
ency, that make them suitable for applications as low-tempera-
ture seals,13 solid-state laser matrices,46 conﬁnement media
for radioactive wastes,7,8 and bioglasses.9 The low chemical
durability of phosphate glasses can be substantially improved
by additional network formers and intermediate oxides, most
notably aluminum.10,11 Other species, such as alkali atoms and
lead, can be incorporated in phosphate glasses at high concen-
trations to preserve the low-Tg and high-TEC characteristics.
12
Many properties of these materials have a direct relation with
the short- and medium-range structure of the glass network. A
basic structural description of phosphate glasses should specify
the distribution of tetrahedral PO4 species, as classiﬁed according
to the number n of mutual POP bridges (n = 0, ..., 3). These
phosphate species are identiﬁed according to the notation Qn.
The relative abundance of Qn species in a glass can be quantiﬁed
by several techniques, with high-resolution 31P nuclear magnetic
resonance (NMR) as the most conspicuous one.13 Starting from
P2O5 glass, containing only Q
3 groups, the addition of a modiﬁer
oxide such as Na2O creates nonbridging oxygens (NBO) that
depolymerize the tetrahedral network, generating Qn groups of
decreased POP connectivity.14 In the vast majority of simple
phosphate glasses, the distribution of species is close to binary, i.e.,
at most two types ofQn units are formed at any given composition,
with some eﬀects of disproportionation depending on composi-
tion and glass processing conditions.14,15 The evolution of the
depolymerization depends on the concentration of the modiﬁer
oxide and on the valence and coordination number of the modiﬁer
species.14,16 The mechanisms governing these structural processes
and their manifestation in the evolution of glass properties have
been satisfactorily explained in binary phosphate glasses.16 The
fundamental idea is that some preferential local structural arrange-
ments around the modiﬁer cation M determine the evolution of
the medium-range structure. One key factor is the relation
between the coordination number of the cation (CNM) and the
ratio of terminal oxygen per PO4 tetrahedron, which are the O
atoms interacting strongly with the modiﬁer cation. If the con-
centration of terminal oxygens is suﬃcient to satisfy the coordina-
tion demands of the modiﬁer cation, the preferred structural
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ABSTRACT: Ternary metaphosphate glasses in the systems
(1 x)NaPO3 3 xAl(PO3)3, (1 x)KPO3 3 xAl(PO3)3, and (1 x)-
Pb(PO3)2 3 xAl(PO3)3 (0 e x e 1) were analyzed using a set of31P, 27Al, and 23Na high-resolution NMR and X-ray photoelectron
spectroscopy techniques, to determine the phosphate speciation
and the short- and medium-range order properties of the P and Al
connectivity. O-1s XPS data conﬁrm that the number of oxygen
atoms linking two phosphorus remains close to 33% for all of the
glasses, consistent with the exclusive presence of Q2 units, in
agreement with 31P MAS NMR data. The increasing formation of AlOP linkages with increasing x is indicated by a new O-1s
peak, with binding energies near 532 eV, and systematic changes in the 31P MAS NMR chemical shifts. The presence of Q2m
phosphate groups (m being the number of POAl bonds per tetrahedron, 0 e m e 2) was analyzed by 31P MAS NMR and
31P{27Al} REAPDOR experiments. The REDOR technique was applied to the heteronuclear spin systems 31P/27Al and 31P/23Na,
to analyze the local structure around these species. 27Al MAS NMR and 27Al triple quantum MAS were applied respectively to
determine the coordination state of Al and the values of isotropic chemical shift and electric quadrupole coupling parameters of 27Al.
The results points to common features in the glass structure of these ternary phosphates. The most probable environment of Al has
six close P atoms, with no evidence of AlOAl bonds, showing that the connection between AlOn and PO4 is attained through
corners. There is no evidence of local segregation of cationic species in the phosphate matrix. A deﬁnite precedence in the formation
of Q2m units was found as the Al concentration is increased, consisting of the progressive conversion of Q
2
0 to Q
2
1 and then Q
2
1 to
Q22 units with increasing x. Up to intermediate values of x, the speciation shows an above-random trend compatible with a binary
distribution {Q20,Q
2
1} for the KAl and PbAl systems.
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arrangement in the glass involves linkages through terminal O
between PO4 tetrahedra and dispersedMOn groups, thus forming
a corner-sharing network of coordination polyhedra. As the
concentration of the oxide is increased, for compositions where
the concentration of terminal oxygen atoms becomes smaller than
the number required for full coordination of the modiﬁer cation,
the MOn polyhedra are forced to share corners, edges, or even
faces.16 Such a systematic description is still lacking in ternary
phosphates due to the structural complexities introduced by the
presence of a second chemical species. However, results obtained
in NaAl, CaAl, and PbAl metaphosphates indicate that
similar principles of structural organization may be also applicable
to ternary glasses.1719 In Almetaphosphates (O/P = 3) it is
possible to resolve diﬀerent kinds of Q2 phosphate species
according to the number m of NBO bound to Al (m = 0, 1, 2),
whichwill be identiﬁed here using the notationQ2m. These species
can be partially resolved by 31P NMR because the 31P resonance is
usually more strongly shifted by the more covalent OAl bonds
than by the weaker OM bonds with the alkali or alkaline earth
cations.20 From the observed evolution of the populations of Q2m
species with Al in these systems, two local ordering principles were
proposed for glasses up to intermediate Al concentrations:17,19 (i)
only one NBO bridge per tetrahedron is established with Al and
(ii) there are no AlOAl bridges. Condition i, observed for
glasses with low to intermediate Al content, is equivalent to the
existence of a two-species distribution {Q20,Q
2
1} of aluminum
phosphate groups sharing corners. This behavior suggests the
possibility that the population of Q2m groups in phosphates may
also follow a binary distribution over the entire compositional
range, implying that Q20, Q
2
1, and Q
2
2 are never simultaneously
coexisting as the Al concentration is increased. In order to verify
the generality of this hypothesis, the Qnm distribution and the
local/medium-range order around P and Al of many diﬀerent
ternary glasses should be carefully analyzed.
In this work, the ternary metaphosphate glasses NaPO3
Al(PO3)3, KPO3Al(PO3)3, and Pb(PO3)2Al(PO3)3 are ana-
lyzed using a set of 31P, 27Al, and 23NaNMR techniques in order to
determine the kind of phosphate speciation and other related
structural properties of these systems. A previous NMR study on
KAl phosphates considered only the compositions 0.5K2O 3
xAl2O3 3 (0.5  x)P2O5 with 0.025 e x e 0.2, starting with an
O/P ratio above the metaphosphate line.21 Previous NMR studies
of the structure of NaAl and PbAl metaphosphates17,19 are
extended in this work with the use of double-resonance techniques
and, in the case of the NaAl system, by analyzing samples with
higher Al concentrations and using faster magic angle spinning
(MAS) in 31P and 27Al NMR experiments. The application of
special techniques to probe the heteronuclear magnetic dipolar
coupling between 31P/23Na and 31P/27Al nuclear spin species,
such as rotational echo double resonance (REDOR) and rotational
echo adiabatic passage double resonance (REAPDOR), has been
quite fruitful in the study of local and medium-range order in
aluminumphosphate glasses.2124 The analysis of the 31P27
Al coupling in the ternary glasses is a helpful tool to identify the
presence of Q21 and Q
2
2 units and to determine the environment
of P atoms around Al, in order to probe two fundamental proper-
ties: the existence of a corner-sharing regime between Al and
P polyhedra and the presence of AlOAl bonds. Complemen-
tary 27Al MAS NMR and 27Al triple quantum MAS (3Q-MAS)
techniques are applied to analyze the local environments of Al,
determining the average coordination number, the 27Al isotropic
chemical shift, and electric quadrupole coupling parameters. Further
structural information is obtained using O-1s, Na-1s, K-2s, Al-2p,
Pb-4f, and Pb-4d core electron X-ray photoelectron spectroscopy
(XPS). Considering the whole set of data, three possible scenarios
describing the structure of these systems as a function of the Al
content can be discussed, comparing the predicted values for the
populations of Q2m units with those obtained experimentally.
II. EXPERIMENTAL SECTION
Glasses in the systems (1x)NaPO3 3 xAl(PO3)3, (1x)-
KPO3 3 xAl(PO3)3, and (1x)Pb(PO3)2 3 xAl(PO3)3 were pre-
pared by mixing the metaphosphate powders in the desired ratios.
Commercial aluminum metaphosphate (Alfa Aesar 99%) and
sodium trimetaphosphate (NaPO3)3 (Alfa Aesar 99%) were used
as received. Potassium metaphosphate (KPO3) was obtained by
heating K2HPO4 powder (Alfa Aesar 99%) at 750 C for 3 h in
Table 1. AnalyzedCompositions for (1x)MPO3 3 xAl(PO3)3 glasses withM=Na, K inmol% andGlass TransitionTemperatures
in Selected KAl Glassesa
KAl molar
fraction (x) K2O mol % Al2O3 mol % P2O5 mol % O/P Tg (C)
NaAl molar
fraction (x) Na2O mol % Al2O3 mol % P2O5 mol % O/P
0 48 0 52 2.8 213 0 43 0 57 3.0
0.03 46 2 52 3.1 0.06 45 3 52 3.0
0.07 44 4 53 3.0 233 0.08 42 4 54 2.9
0.09 42 4 54 2.9 0.10 42 4 54 2.9
0.14 37 6 57 2.8 0.12 39 5 56 3.0
0.24 30 9 60 3.0 406 0.15 37 5 58 2.9
0.31 27 12 62 3.0 452 0.18 35 8 57 2.9
0.35 25 14 61 2.7 0.23 32 9 59 3.1
0.43 22 16 62 2.6 495 0.29 24 12 64 2.7
0.57 14 21 65 2.9 600 0.39 22 15 64 2.9
0.68 10 23 67 2.5 0.51 17 18 65 3.0
0.78 7 27 66 3.1 0.61 12 23 65 3.1
0.93 2 27 71 3.2 0.79 5 33 62 2.9
1 0 28 72 2.7 0.90 2 30 68 3.0
aUncertainties in Tg are (5 C.
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porcelain crucibles. The resulting product was analyzed by X-ray
diﬀraction, energy dispersive X-ray spectroscopy (EDX), and 31P
NMR, revealing a mixture of two crystalline phases of KPO3.
Glasses were prepared by melting the metaphosphate powders in
alumina crucibles at temperatures between 800 and 1550 C for
20 min, the higher temperatures corresponding to higher concen-
trations of Al. Transparent glass pieces were obtained by pouring
the melt on a heated brass block. In the case of KPO3-rich glasses
containing up to 0.20 mol fraction of Al(PO3)3, thin glass plates
were produced by pressing the melt between two massive brass
blocks to avoid crystallization. As someof theKPO3 pieces showed
partial crystallization, a careful separation of the optically more
homogeneous glasses was done. X-ray diﬀraction and 31P NMR
tests run on these samples consistently showed their amorphous
state. The set of glass samples in the PbAlmetaphosphate system
considered here is the same as prepared for the study in ref 19.
Glass compositions were analyzed for Na, K, Al, P, and O using an
EDX spectrometer (LEO 440-EDX Oxford detector). Table 1
shows the analyzed compositions for the alkaliAl glasses. Com-
positions for PbAl glasses considered in this study are reported
in ref 10. Values of molar fractions x used throughout this paper
correspond to the analyzed compositions. Glass transition tem-
peratures (Tg) were measured in the KAl series with a TA
Instruments DSC-2910, running at a heating rate of 10 C/min in
Pt holders under Ar atmosphere. Glass densities at room tem-
peratureweremeasured by theArchimedesmethodusing ethylene
glycol as immersion liquid with an uncertainty of 0.05 g/cm3.
X-ray photoelectron spectra (XPS) weremeasured using anAxis-
Ultra spectrometer (Kratos, Manchester, UK) in ultrahigh vacuum
(pressure < 107 Pa). All the glasses were powdered and pressed
into small copper plates immediately before themeasurement to get
a smooth surface. This operation was done in an Ar-ﬁlled glovebox.
The charge neutralizer was run with a ﬁlament current of 1.8 A, a
charge balance of 2.3V, and a ﬁlament bias of 1.0 V.Monochromatic
AlKα radiation (hν=1486.6 eV)was usedwith a 15 kV accelerating
voltage and 10 mA ﬁlament current. For narrow scans with high-
energy resolution, a pass energy of 20 eV was applied. Further data
analysis was done from the peak shape using the software CasaXPS
Version 2.2.0 (Neal Fairley, www.casaxps.com). The omnipresent
C-1s peak arising frompumpoil impurities at the surfacewas used as
an internal reference, and the binding energy of this C-1s peak was
assumed to be 284.6 eV (referenced to its Fermi level). Experimen-
tally obtained binding energies of the various peaks were corrected
on the basis of the calibration factor calculated from the diﬀerence
between the measured binding energy of the C-1s peak and its
assumed value of 284.6 eV. The raw spectra were subsequently
smoothed and ﬁtted using mixed Gaussian/Lorentzian line shapes.
In the spectra of the Na-containing glasses, the NaAuger peak at
536 eV was removed.
31P and 27Al MAS NMR experiments were carried out at a
magnetic ﬁeld strength of 9.4T in a Varian UNITY Inova
spectrometer using a 4 mm probe with MAS up to 12 kHz with
silicon nitride rotors. For 31P NMR, π/2 pulses of 3 μs and
recycle delays up to 100s were used. For 27Al NMR,π/8 pulses of
0.5 μs and recycle delays of 1s were used. 27Al triple quantum
MAS experiments (3Q-MAS) were carried out to determine the
values of 27Al isotropic shift δCS and the second-order quad-
rupolar coupling product, Pq = e
2qQ/(1 + η2/3)1/2. Here, eq and
η are respectively the principal value and the asymmetry param-
eter of the electric ﬁeld gradient tensor (efg) at the position of the
nucleus, and eQ is the electric quadrupole moment of the 27Al
nucleus. The 3Q-MAS experiments were carried out using a
Z-ﬁltered pulse sequence25 using pulses at a 120 kHz nutation
frequency for excitation and reconversion of three-quantum
coherences, followed by a soft detection pulse (nutation fre-
quency of 10 kHz). The recycle delay used in these experiments
was 1 s. From the two-dimensional 3Q-MAS spectra, the average
values of δCS and Pq were calculated according to a standard
procedure described in ref 26 using the values of the centers of
gravity in the 3Q-MAS isotropic and in the anisotropic MAS
dimensions.
27Al{31P}, 23Na{31P}, and 31P{23Na} REDOR experiments
were carried out in a Bruker Avance DSX-400 spectrometer at a
9.4 Tmagnetic ﬁeld. 31P{23Na}REDORexperiments were run at
MAS of 14 kHz with the pulse sequence discussed in ref 27,
which uses a single 23Na π-pulse and a train of 31P π-pulses for
reintroduction of the 31P23Na dipolar coupling. Typical values
for π-pulse duration were 6.40 and 6.00 μs for 23Na and 31P,
respectively. A recycle delay of 60s was used, in combination with
a presaturation train of 12 π/2 pulses. To determine the hetero-
nuclear second momentM2(
31P{23Na}), the data were analyzed
considering the relation between the relative REDOR signal and
the evolution time τ = NTR
ΔS
S0
¼ 1
15π2
ð2 þ 18f1ÞðNTRÞ2M2ð31Pf23NagÞ ð2Þ
where ΔS = S0  S is the diﬀerence between the 23Na signal
intensities without (S0) and with (S) recoupling pulses on
31P. The
evolution time is a multiple N of the rotor period TR, and f1 is an
excitation factor that can be estimated from the 23Na electric
quadrupole coupling constant and the pulse power.27 Expression 2
is valid for normalizedREDORdiﬀerence signalsΔS/S0 up to about
0.20. The f1 factor was calculated in each experiment using the
SIMPSON simulation package28 according to the procedure de-
scribed in ref 27, entering the actual experimental parameters (pulse
power and MAS frequency) and the values of 23Na quadrupole
coupling determined from 3Q-MAS for each analyzed glass.
27Al{31P} and 23Na{31P} REDOR curves were measured by the
standard sequence of Gullion and Schaefer29 using the compensa-
tion technique described in ref 30. The M2(
27Al{31P}) and M2-
(23Na{31P}) values were obtained by ﬁtting a parabola to the
initial REDORcurve (ΔS/Soe 0.2), according to the expression
30
ΔS
S0
¼ 4
3π2
ðNTRÞ2M2ðSf31PgÞ ð3Þ
with 23Na or 27Al as the S spin species. The experiments were run
at several MAS frequencies, ranging from 12 to 15 kHz, in order to
have several data points for short dephasing times. Values of π
pulses were similar to those used in 31P{23Na} REDOR experi-
ments, and the recycle delay for the observation of 27Al or 23Na
signal was 1 s.
31P{27Al} REAPDOR experiments were carried out in a
Bruker Avance DSX-400 spectrometer at a 9.4 T magnetic ﬁeld.
The pulse sequence is similar to the REDOR experiment, but
uses a recoupling pulse on 27Al of duration TR/3 instead of a π-
pulse.31 A typical value for 31Pπ-pulse duration was 5.50 μs and a
spinning frequency of 14 kHz was used. A recycle delay of 60 s
was applied in combination with a presaturation train of 12 π/2
pulses. The 31P{27Al} REAPDOR dephasing curves were simu-
lated using the SIMPSON package, using the actual experimental
values of the parameters on the pulse sequence. Simulations
also require values for the 31P27Al dipolar coupling and the
27Al quadrupolar coupling constant. The dipolar coupling was
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estimated by assuming a PAl distance of 3.10 Å, corresponding
to the average of those observed in the monoclinic crystal form
of Al(PO3)3,
32 and by considering two types of P environments
separately: (i) a 31P27Al two-spin coupling, as in Q21 units, or
(ii) a 31P27Al2 three-spin coupling as in Q22 units, assuming in
this case an angle of 109.5 between both internuclear vectors.
The relevant values for the 27Al quadrupole coupling constant
were obtained from 27Al 3Q-MAS experiments.
Chemical shift references used in the set of NMR experiments
for 31P, 27Al, and 23Na were solutions of 85% H3PO4, 1 M
Al2(SO4)3, and 1 M NaCl, respectively.
III. RESULTS
Molar Volume and XPS. The values of molar volume Vm of
the NaAl and KAl glasses were calculated using themeasured
mass densities. The dependence of Vm with the molar fraction of
Al(PO3)3 is plotted in Figure 1. Data for PbAl and CaAl
metaphosphate glasses are also shown for comparison, corre-
sponding to the sets of samples analyzed respectively in refs 18
and 19. For the Na, K, and Ca glasses, the molar volume increases
linearly with the Al content, indicating that this species was
uniformly incorporated into the glass network without any
drastic packing rearrangement. Only for the PbAl system at
low Al replacement ratio is there a nonlinear evolution, which
seems to be associated with a structural similarity of this glass
with the particularly compact structure of the Pb(PO3)2 crystal
phase.19 The small variation observed in the KAl system is due
to the similarity between the molar masses of K2O and Al2O3.
Data for crystalline metaphosphates are also shown in Figure 1
(open symbols). For K and Na metaphosphates, the multiple
values correspond to different crystalline phases, which are close
to the Vm observed in the corresponding glasses. On the other
hand, the Vm for the monoclinic Al(PO3)3 crystal lies well below
the value for the corresponding glass, indicating substantial
packing differences between both structures.
Figures 24 show the O-1s XP spectra for several glasses in
the systems KAl, NaAl, and PbAl, respectively. The spectra
were analyzed by least-squares ﬁttings of Gaussian functions
allowing the variation of all parameters. The spectra of the
alumina-free glasses (x= 0) are well-reproduced by twoGaussians,
with binding energies centered near 531 and 533 eV, which can
be attributed to nonbridging (POM, M = K, Na, Pb) and
bridging oxygen atoms (POP species), respectively.33,34 The
peak area ratio is close to 2:1, as expected for glasses with
metaphosphate composition. Successive (formal) substitution of
the M cation by Al leads to the appearance of a new species near
532 eV, which can be attributed to nonbridging oxygen atoms
forming POAl instead of POM linkages. Tables 24 list
all the relevant ﬁtting parameters for the three glass systems. The
position of this peak is in good agreement with that used
previously for ﬁtting the O-1s spectra of NaPO3Al2O3 glasses
by Brow and co-workers.34 Its fractional area increases with
Figure 1. Molar volume as a function of the Al fraction in several MAl
metaphosphate glasses (M = Na, K, Ca, Pb): diamonds, NaAl; circles,
KAl; squares, CaAl (data from ref 18); triangles, PbAl (data from
ref 19); dashed lines, guides to the eye; open symbols, data for the
respective crystalline Al-free metaphosphate phases; pentagon, mono-
clinic Al(PO3)3 crystal. Uncertainties are expressed by the bars or the
size of the symbols.
Figure 2. O-1s core-level photoelectron spectra of selected glass
compositions in the potassium metaphosphate system. Experimental
spectra are shown together with the three individual components used
for ﬁtting. Dotted curves, POP species; dashed and dotteddashed
curves, nonbridging oxygen atoms linking to Al and K, respectively.
Figure 3. O-1s core-level photoelectron spectra of selected glass
compositions in the sodium metaphosphate system. Experimental
spectra are shown together with the three individual components used
for ﬁtting. Dotted curves, POP species; dashed and dotteddashed
curves, nonbridging oxygen atoms linking to Al and Na, respectively.
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increasing alumina content and is close to the fractional area
expected if each Al present forms six AlOP linkages. The
excellent agreement between experimental and expected area
fractions is consistent with the absence of AlOAl linkages, at
least as far as the six-coordinated aluminum species are con-
cerned. It is further noteworthy to point out that the fractional
peak area attributed to the POP species remains constant
near 33.3%, consistent with the metaphosphate composition of
the entire set of glasses. Thus, the presence of large amounts of
Q1 species can be ruled out from these data. The spectral
components in the glasses with higher concentration of Al
tend to be appreciably broadened, due to their wider ranges of
bonding environments. For these glasses, the usefulness of the
Table 2. Binding Energies (BE) ((0.2 eV) and FullWidths at
Half-Maximum (fwhm) ((0.10 eV) for the O-1s Core-Level
PhotoelectronsMeasured by XPS in (1 x)KPO3 3 xAl(PO3)3
Glassesa
BE (eV) fwhm (eV)
x POK POAl POP POK POAl POP
0 530.8  532.8 1.3  1.5
0.07 531.0 532.0 533.0 1.4 1.6 1.6
0.14 531.1 532.0 533.2 1.4 1.4 1.6
0.31 531.2 532.0 533.4 1.4 1.6 1.5
1  532.3 533.6  1.9 2.0
POK area (%) POAl area (%) POP area (%)
x XPS calcd XPS calcd XPS calcd
0 66.0 66.7  0 34.0 33.3
0.07 56.1 57.6 10.2 9.1 33.7 33.3
0.14 48.8 46.0 15.8 20.6 35.4 33.3
0.31 25.2 28.4 41.6 38.3 32.9 33.3
1  0 72.0 66.7 28.0 33.3
a POP = bridging oxygen between two Q2 species. POAl =
nonbridging oxygen linking between P and Al. POK = nonbridging
oxygen linking between P and K.
Table 4. Binding Energies (BE) ((0.2 eV) and FullWidths at
Half-Maximum (fwhm) ((0.10 eV) for theO-1s andCore-Level
PhotoelectronsMeasuredbyXPS in (1 x)Pb(PO3)2 3xAl(PO3)3
Glassesa
BE (eV) fwhm (eV)
x POPb POAl POP POPb POAl POP
0.03 531.2 532.4 533.1 1.5 1.3 1.6
0.08 531.4 532.5 533.3 1.4 1.3 1.7
0.25 531.5 532.5 533.6 1.6 1.7 1.7
0.48 531.5 532.3 533.6 1.5 1.7 1.7
0.73 531.6 532.1 533.5 1.6 1.8 1.9
1  532.3 533.6  1.9 2.0
POPb area (%) POAl area (%) POP area (%)
x XPS calcd XPS calcd XPS calcd
0.03 62.1 63.7 3.9 3.0 34.0 33.3
0.08 54.8 59.0 9.5 7.7 35.7 33.3
0.25 45.8 44.4 22.1 22.2 32.1 33.3
0.48 31.3 28.0 36.3 38.7 32.4 33.3
0.73 11.4 13.2 54.6 53.5 34.0 33.3
1  0 72.0 66.7 28.0 33.3
a POP = bridging oxygen between two Q2 species. POAl =
nonbridging oxygen linking between P and Al. POPb = nonbridging
oxygen linking between P and Pb.
Figure 4. O-1s core-level photoelectron spectra of selected glass
compositions in the lead metaphosphate system. Experimental spectra
are shown together with the three individual components used for
ﬁtting. Dotted curves, POP species; dashed and dotteddashed
curves, nonbridging oxygen atoms linking to Al and Pb, respectively.
Table 3. Binding Energies (BE) ((0.2 eV) and FullWidths at
Half-Maximum (fwhm) ((0.10 eV) for theO-1s andCore-Level
Photoelectrons Measured by XPS in (1x)NaPO3 3 xAl(PO3)3
Glassesa
BE (eV) fwhm (eV)
x PONa POAl POP PONa POAl POP
0 531.3  533.2 1.3  1.3
0.1 531.5 532.3 533.5 1.4 1.4 1.5
0.29 531.5 532.1 533.5 1.5 1.6 1.6
0.61 531.5 532.2 533.7 1.6 1.8 1.8
1  532.3 533.6  1.9 2.0
PONa area (%) POAl area (%) POP area (%)
x XPS calcd XPS calcd XPS calcd
0 64.6 66.7  0 35.4 33.3
0.1 47.4 50.0 18.8 16.7 33.8 33.3
0.29 32.1 30.0 33.6 36.7 34.3 33.3
0.61 8.4 11.7 58.3 55.0 33.4 33.3
1  0 72.0 66.7 28.0 33.3
a POP = bridging oxygen between two Q2 species. POAl =
nonbridging oxygen linking between P and Al. PONa = nonbridging
oxygen linking between P and Na.
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calculated areas is limited, due to the more complex Al speciation
revealed by 27Al NMR. The lack of enough resolution in the O-1s
peak for AlOP precludes any detailed analysis. Figures S-1,
S-2, and S-3 (Supporting Information) summarize the XP spectra
for the K-2p, Na-1s, and Pb-4f and Pb-4d electrons, respectively.
Tables S-4S-6 (Supporting Information) summarize the cor-
responding ﬁtting parameters as well as those of the Al-2p XPS
data. For all of the elements, the binding energies determined
from the spectra show a weak tendency to increase with increas-
ing alumina content in all three systems. This trend may indicate
a systematic bond strengthening for all of the phosphate bonds
with increasing aluminum content. On the other hand, the
possibility that this eﬀect might be inﬂuenced by systematic
variations in the degree of sample charging as a function of x
cannot be rigorously excluded, even though all the spectra were
measured under conditions of surface charge neutralization.
NMR. KAl Metaphosphate Glasses. Figure 5a shows the 31P
MASNMR spectra obtained for this system. The observed NMR
line in the KPO3 glass at 20.3 ppm corresponds to Q2 groups
and shows a progressive shift and asymmetric broadening to
lower frequencies with the increase in the Al concentration. This
behavior is related to the growing number of POAl bonds,
creating Q21 and Q
2
2 units contributing to the low-frequency
side of the spectra.20 The broadening of the lines does not allow a
specific attribution of this shoulder to either Q21 or Q
2
2 units.
Figure 6 shows the evolution of the average 31P MAS isotropic
chemical shift with composition (values in Table 5), revealing
two regions with linear behavior, with an apparent break at x ∼
0.40 for alkali-Al glasses and x∼ 0.48 for PbAl. In each region,
the linear evolution of the average shift suggests a random
mixture of a certain set of phosphate species Q2m, with popula-
tion fractions varying uniformly as a function of x. The break in
the slope indicates a change of regime in the distribution of the
species contributing to the average, as for example the appear-
ance of a new species with different characteristic chemical shift.
As will be discussed in section IV, this phenomenon may be
Figure 5. (a) 31P NMR and (b) 27Al NMR spectra in KAl glasses. (c) 31P NMR and (d) 27Al NMR spectra in NaAl glasses. x, molar fraction of
Al(PO3)3; asterisks, spinning side-bands; dotted lines, examples of typical least-squares ﬁttings of
31P NMR spectra with Gaussian functions.
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related to the appearance of Q22 species above a certain critical
concentration.
For glasses with low to medium Al concentration, it was
possible to estimate the population fraction of Q20 andQ
2
m (with
m = 1, 2) from the 31P spectra, ﬁtting Gaussian functions to the
central line and to the MAS sidebands at (νR and (2νR.
Contributions from the (3νR sidebands were always less than
0.5% and for this reason were disregarded. The resulting
populations are shown in Table 5 and plotted in Figure 7a.
These data will be analyzed in the Discussion section also
considering the results for NaAl and PbAl metaphosphates.
Figure 5b shows the 27Al MAS NMR spectra obtained for this
set of glasses, showing Al with coordination numbers 4, 5, and 6.
The average coordination number CN was calculated from the
areas of these resonances, giving the result shown in Figure 8. As
the Al concentration increases, the CN decreases from 6 to 5
across the entire compositional range. These values will be
considered in the analysis of Q2m populations carried out in
section VI. Further analysis of the Al sites was done using two-
dimensional 27Al 3Q-MAS experiments to determine the iso-
tropic chemical shift δCS and the quadrupole coupling product
Pq. The obtained values are shown in Table 5. Figure 9 shows the
variation with composition of these parameters for the Al(VI)
site, which is the most abundant Al species in all the glass systems
studied in this work. The linear evolution of δCS suggests
uniform mixing of Al with the second cation in the phosphate
matrix, rather than segregation in Al-rich domains. The increase
in the 27Al magnetic shielding with the increase in the Al
concentration is consistent with results obtained in other alumi-
nophosphate glasses35 and indicates a general behavior that will
be discussed in section IV. The average quadrupolar coupling
product Pq (Figure 9b) increases with the concentration of Al,
indicating a progressive symmetry-reducing distortion in the
local geometry of the AlO6 polyhedron.
Figure 10 shows some representative 27Al{31P} REDOR
curves obtained for selected compositions of the analyzed glass
Figure 6. Average value for the isotropic 31P chemical shift in KAl
(ﬁlled circles), NaAl (open circles), and PbAl (open triangles)
metaphosphate glasses. Straight lines are guides to the eye. Uncertainties
are of the size of symbols or the error bars.
Table 5. MAS-NMR Parameters for KAl Metaphosphate Glassesa
KAl molar fraction (x) 31P δCG (ppm) Q20 Q2m 27Al δiso (ppm) 27Al Pq (MHz)
0 20.3 ( 0.2 1 0
0.03 21.5 ( 0.2 0.81 ( 0.05 0.19 ( 0.05 VI, 11.7 ( 0.3 2.4 ( 0.2
0.07 22.6 ( 0.2 0.70 ( 0.05 0.31 ( 0.05 VI, 12.4 ( 0.3 2.0 ( 0.2
0.09 23.6 ( 0.2 0.57 ( 0.05 0.43 ( 0.05 VI, 12.0 ( 0.3 2.3 ( 0.2
0.14 25.0 ( 0.2 0.50 ( 0.05 0.51 ( 0.05 VI, 12.9 ( 0.3 1.9 ( 0.2
0.24 28.3 ( 0.2 0.11 ( 0.05 0.89 ( 0.05 VI, 13.3 ( 0.3 2.7 ( 0.2
0.31 30.7 ( 0.2 0.08 ( 0.05 0.92 ( 0.05 VI, 13.9 ( 0.3 2.7 ( 0.2
0.35 32.5 ( 0.2 0 1 VI, 14.9 ( 0.3 3.3 ( 0.2
V, 13.0 ( 0.5 3.1 ( 0.5
0.43 34.5 ( 0.2 0 1 VI, 15.8 ( 0.3 3.3 ( 0.2
V, 12.9 ( 0.3 3.0 ( 0.5
0.57 35.3 ( 0.2 0 1 VI, 16.7 ( 0.3 3.7 ( 0.2
V, 12.6 ( 0.3 2.9 ( 0.4
0.68 36.7 ( 0.2 0 1 VI, 16.9 ( 0.3 3.7 ( 0.2
V, 12.2 ( 0.3 3.2 ( 0.2
IV, 44.0 ( 0.5 3.6 ( 0.5
0.78 36.6 ( 0.2 0 1 VI, 18.7 ( 0.3 3.7 ( 0.2
V, 11.2 ( 0.3 3.1 ( 0.3
IV, 43.1 ( 0.5 3.4 ( 0.5
0.93 38.1 ( 0.2 0 1 VI, 18.9 ( 0.3 4.1 ( 0.2
V, 10.8 ( 0.5 3.4 ( 0.3
IV, 42.1 ( 0.5 3.7 ( 0.3
1 37.3 ( 0.3 0 1 VI, 18.9 ( 0.5 3.9 ( 0.2
V, 9.6 ( 0.5 3.4 ( 0.3
IV, 40.2 ( 0.5 3.2 ( 0.3
a δCG: center of gravity of the
31P MAS-NMR line. Q20 and Q
2
m: fractional populations of phosphate species determined from the
31P MAS-NMR
spectra. 27Al δiso and Pq: isotropic chemical shift and second-order quadrupolar coupling product, respectively, determined from
27Al 3Q-MAS
experiments for each kind of observed Al site (coordination VI, V, or IV).
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systems. The curve in Figure 10a corresponds to one of the
analyzed samples in the KAl system (x = 0.31). The parabolic
analysis according to expression 3 yielded the M2(
27Al{31P})
values shown in Table 6. 27Al{31P} REDOR measurements for
the Al(PO3)3 glass were carried out, as shown in Figure 10d,e,f
for the three 27Al species observed, with coordination numbers
VI, V, and IV, respectively. The corresponding M2(
27Al{31P})
values for these sites, shown in Table 6, are comparable with that
obtained for Al(VI) in a sample of crystalline Al(PO3)3 in
monoclinic form (5.4 ( 0.2  106 rad2 s2). According to the
set of data in Table 6, theM2(
27Al{31P}) values are quite similar
in all the systems and no trend can be identiﬁed as a function of
the composition. The lack of diﬀerences in 27Al{31P} dipolar
coupling for Al in its diﬀerent coordination states may arise from
two reasons: ﬁrst of all, the lower number of P neighbors close to
four-coordinated Al may be compensated by Al 3 3 3 P distances
that are somewhat shorter compared to those observed for Al
species in higher coordination states. This eﬀect has been
previously observed for other aluminophosphate glass systems.23
Second, in these P-rich glasses additional contributions toM2 are
expected from coupling of the central 27Al with next-nearest 31P
neighbors. Both of these eﬀects probably smear out the expected
dependence of M2 on the number of nearest
31P neighbors to
Al(IV), Al(V), and Al(VI). Therefore, it can be concluded that
there is a qualitative similarity of the local order in the glasses and
crystalline Al(PO3)3, which excludes the possibility of extensive
AlOAl bonding in these systems.
Figure 11 shows 31P{27Al} REAPDOR results obtained in
Al(PO3)3 glass, applying the rf pulses on the
27Al channel on-
resonance with the Al(VI) line. The data points represent the
ratio ΔS/S0 obtained from the integration of the center band of
the 31P spectra. Two other sets of experiments were carried out
with the Al(V) and Al(IV) NMR lines irradiated on-resonance,
yielding identical results. The full line in Figure 11 corresponds to
the SIMPSON simulation for a three-spin system involving one
Figure 7. Fraction of phosphate species determined from 31PNMR and
calculated according to three structural models for metaphosphate
glasses: (a) KAl, (b) NaAl, and (c) PbAl (data from ref 19).
Squares,Q20 fromNMR; triangles,Q
2
m (m = 1, 2) fromNMR; full lines,
calculation of Q20 and Q
2
1 for a binary distribution; dotted lines,
calculation of Q20 and Q
2
m for a random binomial distribution;
dasheddotted lines, calculation of Q20 and Q22 for a segregated
distribution.
Figure 8. Average coordination number for Al inMAlmetaphosphate
glasses obtained from 27Al NMR line intensities with M = K (ﬁlled
circles), M = Na (open circles), and PbAl (open triangles). Data for
PbAl metaphosphate glasses are the same as in ref 19.
Figure 9. (a) 27Al Isotropic chemical shift δCS and (b)
27Al electric
quadrupole coupling product Pq for Al(VI) in MAl metaphosphate
glasses (M =Na, K, Pb) obtained from 27Al 3Q-MAS experiments: ﬁlled
circles, KAl; open circles, NaAl; triangles, PbAl; straight lines are
linear least-squares ﬁttings for KAl (dashed line), NaAl (dotted
line), and PbAl (dasheddotted lines).
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31P and two neighboring 27Al nuclei, assuming the PAl distance
observed in the crystalline phase. The value of PQ used in the
calculation was the one measured with 27Al 3Q-MAS. The
excellent agreement with the experimental data indicates that
phosphate groups establish POAl bonds with two diﬀerent
Al atoms. This situation corresponds to a connectivity regime
where phosphate tetrahedra and Al polyhedra share corners,
instead of edges, in full agreement with the model proposed by
Hoppe.16
Figure 12a,b,c shows 31P{27Al}REAPDOR results in theKAl
system for x = 0.09, 0.31, and 0.68, respectively. These plots show
the total diﬀerence signal ΔS/S0 (ﬁlled circles), integrated from
the central band in each spectrum of the pair of REAPDOR
experiments. In glasses with low concentration of Al, the amount
of dephasing ΔS is most intense at the low-frequency side of the
31P spectrum. This can be seen in Figure 13a,b, which shows some
of the 31P{27Al}REAPDORdiﬀerence spectraΔS as a function of
the evolution time τ. This behavior is consistent with the fact that
that region of the spectrum corresponds to Q21 or Q
2
2 groups,
with stronger 31P27Al dipolar coupling than present in Q20.
However, the coupling of the latter units may not be completely
negligible, because for longer times τ there is a noticeable shift of
the peaks of REAPDOR diﬀerence spectra to lower frequencies
(Figure 13a). For glasses with higher Al content, the shapes of the
REAPDOR diﬀerence spectra are comparable with the 31P MAS
spectrum for all τ (Figure 13b), without any noticeable change in
the central position.
Figure 12ac also shows the calculated 31P{27Al} REAPDOR
curves for dipolar coupling between two spins (31P27Al) and
three spins (31P27Al2). These simulations may be a good
approximation for those glasses with a signiﬁcant fraction of
Q21 or Q
2
2 units, where the eventual contribution of the more
diﬃcult to simulate 31P27Al coupling of Q20 phosphorus species
is minimized. Figure 12b shows the results of both simulations for
the glass with x = 0.31. The three-spin simulation for this
experiment (dotted line) lies well above the experimental data.
The two-spin simulation (dasheddotted line) reproduces quite
well the observed experimental REAPDOR data. As in this glass,
the fraction of Q2m was estimated as 0.92; the agreement of the
REAPDOR evolution with the simulation without any scaling by
the population factor indicates that most of the Q2m species may
be attributed to Q21. For the x = 0.68 glass (Figure 12c) the
REAPDOR data lies well above the two-spin simulation and
closer to the three-spin simulation, indicating that the observed
response is a mixture resulting from contributions of Q21 andQ
2
2
environments. The full-line curve shown in this plot is the closest
approximation to the experimental data obtained as a weighed
sum of both simulations, with populations of 0.25 for Q21 and
0.75 for Q22. For the glass with x = 0.09 (Figure 12a), the
experimental REAPDOR data lies below the two-spin simulation
due to the presence of a signiﬁcant fraction of Q20. These latter
groups have non-negligible dipolar coupling with 27Al at longer
distances, which cannot be simulated in a straightforwardmanner.
NaAl Metaphosphate. Figure 5c shows the 31P MAS NMR
spectra obtained for this system. The resonance from Q2 groups
shows a progressive shift and a broadening with the concentra-
tion of Al, similar to that observed in the KAl system, due to the
increasing formation of POAl bonds with increasing x. The
plot of the average 31P isotropic chemical shift (Figure 6, data in
Table 7), shows the same behavior as in KAl glasses, indicating
a similar change of regime in the association of P and Al at
concentrations close to x = 0.40. The fractions of Q20 and Q
2
m
(m = 1, 2) determined from Gaussian least-squares fittings to the
31P spectra are shown in Figure 7b and Table 7 and will be further
Figure 10. Typical 27Al{31P} and 23Na{31P} REDOR results in some metaphosphate glasses: (a) KAl x = 0.31, (b) NaAl x = 0.29, (c) PbAl x =
0.48, (d) Al(VI) in Al(PO3)3, (e) Al(V) in Al(PO3)3, (f) Al(IV) in Al(PO3)3, (g) NaAl x = 0.08, (h) NaAl x = 0.29, (i) NaAl x = 0.61. Full lines:
parabolic least-squares ﬁttings considering REDOR diﬀerence signals up to 0.20.
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analyzed in the Discussion section. These values are compatible
with those presented in ref 17.
Figure 5d shows the 27Al MAS spectra for this series of glasses,
showing lines corresponding to Al in coordination VI, V, and IV.
From the line intensities, the average coordination numbers were
calculated, resulting in values comparable to thosemeasured in the
KAl system (Figure 8). The values of 27Al δCS and Pq obtained
from 27Al 3Q-MAS experiments are shown in Table 7. Figure 9
shows the evolution of these parameters for the Al(VI) sites. The
linear variation of the isotropic chemical shift with the Al content,
as in the case of KAl glasses, indicates mixing of Na and Al at the
atomic scale. Pq increases with increasing concentration of Al,
indicating a progressive distortion in the average local symmetry of
the Al(VI) sites as observed in the KAl system.
Figure 10g,h,i shows the results of 23Na{31P} REDOR experi-
ments carried out in three representative glasses, with x = 0.08,
0.29, and 0.61. Values ofM2(
23Na{31P}), shown in Table 6, were
obtained from parabolic least-squares ﬁttings of expression 3 to
the observed REDOR signals for short evolution times. There is
no signiﬁcant variation in theseM2(
23Na{31P}) values, indicating
that the local average environment of P atoms around Na is
similar irrespective of the Al content in the glass.
Figure 10b shows a typical result of the 27Al{31P} REDOR
experiments carried out in the NaAl system, for the glass with
x = 0.29. Table 6 shows theM2(
27Al{31P}) values obtained from
these experiments. As observed in the KAl system, there is no
deﬁnite trend of this parameter with composition that may
indicate any drastic variation in the local environment of P atoms
around Al.
Figure 12d,e,f shows the evolution of 31P{27Al} REAPDOR
signals in three NaAlmetaphosphate glasses with compositions
x = 0.08, 0.29, and 0.61, respectively. All the plots show the
integrated REAPDOR diﬀerence ΔS/S0 (ﬁlled circles). In gen-
eral, these 31P{27Al} REAPDOR results are similar to the
ﬁndings in the KAl system. According to the REAPDOR
diﬀerence spectra plotted in Figure 13c, the glass with x = 0.08
has a spectral region with stronger 31P27Al dipolar coupling,
which corresponds to the lower frequency end of the 31P
spectrum where Q21 and Q
2
2 resonances are expected. The
maximum of the REAPDOR diﬀerence spectrum of this glass
shifts to higher frequency for long τ values, indicating that 31P in
Q20 groups may have a weak dipolar coupling with
27Al.
In the glass with x = 0.29, a uniform response of the REDOR
diﬀerence line shape with τ can be observed (ﬁgure 13d). In this
case, the measured REAPDOR intensity lies below the two-spin
simulation (dasheddotted line in Figure 12e). The experimen-
tal data may be accurately reproduced by scaling the two-spin
curve with a factor 0.84 (full line in Figure 12e), which agrees
quite well with the Q2m fraction of 0.82 estimated from MAS.
Therefore, it can be concluded that the observed REAPDOR
signal may be attributed to Q21 groups.
For the glass with x = 0.61 (Figure 12f) the experimental data
lie in between the two-spin and three-spin simulations, revealing
the presence of Q22 units in the structure of this glass. A weighted
combination of the three- and two-spin simulated curves repro-
duces the experimental evolution of the full REAPDOR signal,
considering a fraction of 0.30 for Q22.
For the glass with x = 0.08, the full REAPDOR signal plotted in
Figure 12dmay have some non-negligible contribution fromQ20,
in addition to the more strongly coupled but less abundant Q2m
units. The dasheddotted line represents the two-spin simula-
tion. The scaling of this curve to obtain the best approximation to
the experimental data was achieved with a population factor of
0.38 (full line in Figure 12d), which is not far from the value of
0.42 estimated for the Q2m population from
31PMAS. Therefore,
this result supports the identiﬁcation of most of the Al-connected
Q2m units as units having m = 1.
Figure 14 shows the 31P{23Na} REDOR curves obtained for
the glasses with x = 0.08, 0.29, and 0.61. Table 6 shows the values
for M2(
31P{23Na}), obtained using the procedure described
in section II (eq 2). The decrease of these values indicates
the progressive depletion of Na neighbors around P, as the
Table 6. Values of Second Moments M2(
27Al{31P}), M2-
(23Na{31P}),M2(
31P{23Na}) Obtained Respectively Through
27Al{31P} REDOR and 23Na{31P} REDOR Experiments for
Selected Glass Compositions in the KAl, NaAl, and
PbAlMetaphosphates and a Crystalline Sample of Al(PO3)3
in Its Monoclinic Forma
x
M2(
27Al{31P})
(106 rad2 s‑2)
M2(
23Na{31P})
(106 rad2 s‑2)
M2(
31P{23Na})
(106 rad2 s‑2) f1
KAl
0.09 VI, 5.4 ( 0.2
0.31 VI, 6.3 ( 0.2
NaAl
0 3.3 ( 0.3 17 ( 1 0.0280
0.08 VI, 5.5 ( 0.2 4.2 ( 0.3 16.6 ( 0.8 0.0579
0.29 VI, 5.8 ( 0.2 3.5 ( 0.3 8.6 ( 0.8 0.0515
0.61 VI, 5.5 ( 0.2 3.9 ( 0.3 4.2 ( 1.5 0.0423
PbAl
0.08 VI, 5.5 ( 0.2
VI, 5.6 ( 0.2
VI, 5.0 ( 0.2
V, 5.1 ( 0.2
Al(PO3)3
VI, 5.1 ( 0.3
V, 5.4 ( 0.3
IV, 5.1 ( 0.3
Al(PO3)3 crystal
VI, 5.4 ( 0.2
aCoordination of the observed Al site is indicated (VI, V, IV).
Figure 11. 31P{27Al} REAPDOR in Al(PO3)3 glass carried out irradiat-
ing with the Al(VI) NMR line on-resonance. Full line: SIMPSON
simulation assuming a three-spin interaction 31P27Al2.
21937 dx.doi.org/10.1021/jp205700j |J. Phys. Chem. C 2011, 115, 21927–21941
The Journal of Physical Chemistry C ARTICLE
concentration of Al increases. Hence, these experiments reveal
no phase separation in this glass system.
PbAl Metaphosphate. Table 8 shows a compilation of 31P
and 27Al NMR data for this system obtained in the same set of
glasses used in ref 19. Newly improved 27Al 3Q-MAS experi-
ments were carried out in the present study using faster spinning
rates and better signal-to-noise ratio than in ref 19. The resulting
values for the parameters 27Al δCS and Pq are shown in Table 8.
The values of both parameters for the Al(VI) sites are plotted in
Figure 9, showing linear dependences with the Al concentration.
For concentrations with x > 0.4 the values of Pq are nearly
identical to those observed in the alkaliAl systems.
Figure 10c shows an example of the 27Al{31P} REDOR
result obtained in this glass system, corresponding to the glass
Figure 12. 31P{27Al} REAPDOR results in metaphosphate glasses. KAl: (a) x = 0.09, (b) x = 0.31, (c) x = 0.68. NaAl: (d) x = 0.08, (e) x = 0.29,
(f) x = 0.61. PbAl: (g) x = 0.08, (h) x = 0.48, (i) x = 0.80. Filled circles, experimental REAPDOR signal; dasheddotted lines, SIMPSON simulations
for two-spin dipolar coupling (31P27Al); dotted lines, SIMPSON simulations for three-spin dipolar coupling (31P27Al2); full lines, linear
combination of the simulated curves weighed with population factors to ﬁt experimental data (see text for each case); dashed lines linear combination
of two- and three-spin simulations weighted with the Q21 and Q
2
2 populations from the random model.
Figure 13. Typical 31P{27Al} REAPDOR diﬀerence spectra in some glasses. KAl: (a) x = 0.09, (b) x = 0.31. NaAl: (c) x = 0.08, (d) 0.29. PbAl:
(e) x = 0.08 (f) x = 0.48. Upper trace in each plot, 31P MAS spectrum; lower traces, 31P{27Al} REAPDOR diﬀerence spectra for evolution times τ = 429,
571, 714, 1000, and 1429 μs (the most intense spectra correspond to the longer τ values).
21938 dx.doi.org/10.1021/jp205700j |J. Phys. Chem. C 2011, 115, 21927–21941
The Journal of Physical Chemistry C ARTICLE
with x = 0.48. The parabolic analysis according to eq 3 yielded
values forM2(
27Al{31P}), shown in Table 6, which are essentially
identical within the experimental uncertainty. Therefore, as in
the alkali metaphosphates, no variation can be detected in the P
environment around Al.
Figure 12g,h,I shows the evolution of the 31P{27Al} REAP-
DOR signals for glasses with compositions x = 0.08, 0.48, and
0.80. Figure 13e,f shows REAPDOR diﬀerence spectra for
PbAl glasses with x = 0.08 and 0.48. As a function of the
dephasing time, the spectra for the x = 0.08 glass have their
maxima shifted to frequencies lower than the maximum in 31P
MAS spectrum, reﬂecting that the phosphate units Q2m (m = 1,
2) are more strongly coupled to 27Al than the Q20 groups.
However, the latter units have nonzero dipolar coupling, as
indicated by the extension of the 31P{27Al} REAPDOR
diﬀerence spectra to the frequency region characteristic of
these groups. This eﬀect seems even more pronounced than in
alkaliAl glasses. For this reason, as in the x = 0.09 KAl glass,
the simple scaling of the two-spin simulation according to the
Q2m population cannot reproduce the evolution of the full
REAPDOR signal. For the glass with x = 0.48 (Figure 12h), the
experimental REAPDOR data show an excellent agreement
with the two-spin simulation without any scaling factor.
As the estimated fraction of Q2m in this glass is 0.94, the
agreement indicates that phosphate units signiﬁcantly coupled
to 27Al are mostly of the Q21 type. For the glass with x = 0.80
(Figure 12i), the experimental data lie in between the three-
spin and two-spin simulations, indicating that Q22 and Q
2
1
species are contributing to the observed signal. Assuming a
linear combination of these two REAPDOR simulations, the
estimated populations for Q22 and Q
2
1 result as 0.53 and 0.47,
respectively.
VI. DISCUSSION
Phosphate Speciation. In order to advance the description of
the structure of the glass network of these systems, a quantitative
analysis of the phosphate speciation as a function of the Al
Table 7. MAS-NMR Parameters for NaAl Metaphosphate Glasses a
NaAl molar fraction (x) 31P δCG (ppm) Q20 Q2m 27Al δiso (ppm) 27Al Pq (MHz)
0 19.7 ( 0.2 1 0
0.06 22.4 ( 0.2 0.70 ( 0.05 0.25 ( 0.05 VI, 13.0 ( 0.3 2.6 ( 0.2
0.08 22.8 ( 0.2 0.58 ( 0.05 0.41 ( 0.05 VI, 13.7 ( 0.3 2.7 ( 0.2
0.10 23.7 ( 0.2 0.60 ( 0.05 0.38 ( 0.05 VI, 13.3 ( 0.3 2.6 ( 0.2
0.12 25.0 ( 0.2 0.48 ( 0.05 0.52 ( 0.05 VI, 12.5 ( 0.3 2.0 ( 0.2
0.15 25.4 ( 0.2 0.30 ( 0.05 0.70 ( 0.05 VI, 14.0 ( 0.3 2.6 ( 0.2
0.18 26.6 ( 0.2 0.27 ( 0.05 0.73 ( 0.05
0.23 27.8 ( 0.2 0.20 ( 0.05 0.80 ( 0.05 VI, 14.8 ( 0.3 2.6 ( 0.2
0.29 31.1 ( 0.2 0.18 ( 0.07 0.82 ( 0.07 VI, 14.7 ( 0.3 2.5 ( 0.2
V, 11.0 ( 0.5 2.4 ( 0.4
0.39 32.9 ( 0.2 0.07 ( 0.07 0.93 ( 0.05 VI, 16.1 ( 0.3 3.2 ( 0.2
V, 10.8 ( 0.5 3.3 ( 0.4
0.51 34.6 ( 0.2 0 1 VI, 16.6 ( 0.3 3.4 ( 0.2
V, 10.5 ( 0.3 2.7 ( 0.2
IV, 41.0 ( 0.5 2.5 ( 0.5
0.61 36.8 ( 0.2 0 1 VI, 17.6 ( 0.3 3.7 ( 0.2
V, 10.7 ( 0.3 3.0 ( 0.2
IV, 42.2 ( 0.5 3.2 ( 0.5
0.79 36.3 ( 0.2 0 1 VI, 18.1 ( 0.3 4.1 ( 0.2
V, 10.7 ( 0.3 3.6 ( 0.2
IV, 41.7 ( 0.3 2.9 ( 0.4
0.90 38.1 ( 0.2 0 1 VI, 18.3 ( 0.3 4.1 ( 0.2
V, 9.5 ( 0.3 4.0 ( 0.2
IV, 41.6 ( 0.3 3.2 ( 0.2
a δCG: center of gravity of the
31P MAS-NMR line. Q20 and Q
2
m: fractional populations of phosphate species determined from the
31P MAS-NMR
spectra. 27Al δiso and Pq: isotropic chemical shift and second-order quadrupolar coupling product, respectively, determined from
27Al 3Q-MAS
experiments for each kind of observed Al site (coordination VI, V, or IV).
Figure 14. 31P{23Na} REDOR data for glasses in the NaAl system
with x = 0.08 (circles), 0.29 (squares), and 0.61 (diamonds). Dotted
lines: parabolic ﬁttings according to expression 2.
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content should be carried out. Three structural scenarios were
considered here:
(I) segregation of individual metaphosphate-like environ-
ments, containing Q20 and Q
2
2 phosphates;
(II) random bonding of all NBO with M or Al, with prob-
ability p of having an MNBO bond [The resulting
population of phosphate species are determined by a
binomial distribution: Q20 = p
2, Q21 = 2p(1  p) and
Q22 = (1 p)2, with p given by the expressions inTable 9.];
(III) binary distribution, with only Q20 and Q
2
1 species for
glasses with low to middle Al concentrations and Q21
and Q22 for glasses with high Al concentration.
All scenarios have the implicit condition that no AlOAl
linkages are formed in the glass.17,19 The 27Al{31P} REDOR
results seem consistent with this assumption, because the mea-
sured M2(
27Al{31P}) values in the glasses are comparable with
those measured for Al(VI) in the monoclinic Al(PO3)3 crystal
(Table 5), where such bonds are not present.32 Table 9 sum-
marizes the expressions for phosphate populations and probabil-
ities corresponding to each scenario for the alkaliAl and PbAl
systems. The calculation of phosphate populations in the random
and binary scenarios requires the knowledge of the average CN of
Al, which is obtained directly from the interpolation of the data in
Figure 8. In the case of the binary distribution, only the initial Al
concentration range associated with the speciation {Q20; Q
2
1}
was considered here, because only in this range can the results be
directly compared with the experimental populations resolved by
31P NMR. The upper concentration limit xC for this regime
corresponds to the condition of all Q20 tetrahedra converted to
Q21, resulting for the alkaliAl systems as xC = 0.25 and for the
PbAl system as xC = 0.40, if all the Al are six-coordinated.Owing
to the slightly lower average coordination number of Al, the actual
Table 8. MAS-NMR Parameters for PbAl Metaphosphate Glassesa
PbAl molar fraction (x) 31P δCG (ppm) Q20 Q2m 27Al δiso (ppm) 27Al Pq (MHz)
0 25.7 ( 0.2 1 0
0.03 26.0 ( 0.2 0.86 ( 0.05 0.14 ( 0.05
0.08 27.1 ( 0.2 0.75 ( 0.05 0.25 ( 0.05 VI, 15.9 ( 0.5 2.8 ( 0.3
0.15 29.0 ( 0.2 0.45 ( 0.05 0.55 ( 0.05 VI, 16.6 ( 0.5 2.8 ( 0.3
0.25 30.9 ( 0.2 0.25 ( 0.05 0.75 ( 0.05 VI, 16.4 ( 0.5 3.0 ( 0.2
V, 10.0 ( 0.5 2.8 ( 0.4
IV, 22.9 ( 0.5 3.6 ( 0.5
0.38 33.1 ( 0.2 0.12 ( 0.05 0.87 ( 0.05 VI, 17.1 ( 0.5 3.3 ( 0.2
V, 10.5 ( 0.5 2.9 ( 0.4
IV, 42.9 ( 0.5 3.5 ( 0.5
0.48 34.5 ( 0.2 0.06 ( 0.05 0.94 ( 0.05 VI, 17.4 ( 0.5 3.5 ( 0.2
V, 9.5 ( 0.5 2.7 ( 0.4
IV, 41.3 ( 0.5 3.1 ( 0.4
0.62 34.5 ( 0.2 0 1 VI, 17.3 ( 0.5 3.6 ( 0.2
V, 10.9 ( 0.5 3.2 ( 0.2
IV, 42.8 ( 0.5 3.4 ( 0.2
0.73 36.4 ( 0.2 0 1 VI, 18.5 ( 0.5 3.8 ( 0.2
V, 10.2 ( 0.5 3.4 ( 0.2
IV, 41.7 ( 0.5 3.2 ( 0.2
0.80 37.1 ( 0.2 0 1
0.85 37.5 ( 0.2 0 1 VI, 18.4 ( 0.5 3.9 ( 0.2
V, 10.1 ( 0.5 3.6 ( 0.2
IV, 41.3 ( 0.5 3.3 ( 0.2
0.95 36.7 ( 0.2 0 1 VI, 18.3 ( 0.5 4.1 ( 0.2
V, 10.1 ( 0.5 3.6 ( 0.2
IV, 41.3 ( 0.5 3.3 ( 0.2
a δCG: center of gravity of the
31P MAS-NMR line. Q20 and Q
2
m: fractional populations of phosphate species determined from the
31P MAS-NMR
spectra. 27Al δiso and Pq: isotropic chemical shift and second-order quadrupolar coupling, respectively, determined from
27Al 3Q-MAS experiments for
each kind of observed Al site (coordination VI, V or IV).
Table 9. Populations of Phosphate Species (Q2m) Calculated According to the Segregation and Binary Distribution Scenarios, and
the Probability (p) of Having a MNBO (M = Na, K, Pb) Bond in the Random Bonding Scenario
glass segregation random bonding binary distribution (x < xc)
alkaliAl Q02 = 1  Q22
Q2
2 = 3x/(1  x + 3x)
p = 2(1  x)/[2(1  x) + CNAlx] Q02 = 1  Q12
Q1
2 = (CNAlx)/(1 + 2x)
PbAl Q02 = 1  Q22
Q2
2 = 3x/[2(1  x + 3x)]
p = 4(1  x)/[4(1  x) + CNAlx] Q02 = 1  Q12
Q1
2 = CNAlx/[2(1  x) + 3x]
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xC values turn out to be slightly higher, amounting to 0.27 and
0.43, respectively, in the alkaliAl and the PbAl systems. The
calculated fractions Q20 and the sum Q
2
1 + Q
2
2, which is directly
comparable with the NMR results, are plotted in Figure 7 for the
three scenarios. As can be seen from these plots, the segregation
scenario gives the poorest approximation to the observed popula-
tions in the three glass systems. This disagreement is not
unexpected, considering that the linear behavior of the 31P and
27Al chemical shifts as a function of the Al concentration in the
three systems strongly argue against phase separation. Therefore,
it can be concluded that there is no segregation of Al(PO3)3-like
regions in these glasses. On the other hand, the random bonding
scenario agrees substantially better with the experimental data in
the NaAl system (Figure 7b). However, in the KAl and
PbAl systems, the binary scenario yields a better approximation
to the experimental populations. This model also gives a closer
approximation than the random bonding model in the NaAl
system, up to x ∼ 0.2. Above that concentration, the systematic
deviation of the model with respect to the populations deter-
mined experimentally indicates that some small fraction of Q22
may be present in these NaAl glasses as x approaches xC.
The random and binary models can also be tested considering
the 31P{27Al} REAPDOR results. Figure 12 shows the REAP-
DOR curves (dashed lines) calculated as linear combinations of
two- and three-spin simulations weighted with the Q21 and Q
2
2
populations resulting from the random model. These curves
were calculated only for the glasses with x > 0.20, which is where
the populations obtained from both models diﬀer appreciably.
Also, at these compositions the eﬀect of the 31P27Al coupling of
Q20 groups has negligible inﬂuence on the results. For theNaAl
and PbAl glasses of intermediate x (Figure 12e,h), the calcula-
tions based on the random model lie farther apart from the
experimental results when compared with the two-spin simula-
tions. The diﬀerences are even bigger in the glasses with the
highest x (Figure 12f,i), which indicates the inadequacy of the
randommodel in this range of compositions. In the KAl glasses
(Figure 12b,c), the curves calculated from the random model
populations are equally close to the experimental results as the
two-spin scaled curve (Figure 12b) or the best linear combina-
tion of two- and three spins simulations (Figure 12c).
The overall evaluation of the performance of the models leads
us to conclude that the binary model describes the experimental
results better than the random model. However, the analysis at
high Al concentrations is limited by the lack of direct resolution
of the Q21 and Q
2
2 populations to compare with the binary
model calculation or with the weighting factors obtained in the
simulation of the REAPDOR curves.
Local Atomic Environments and Cation Dispersion. For
the NaAl glasses, the values of M2(23Na{31P}) determined
from 23Na{31P}REDOR experiments (Table 6) do not provide
any evidence of major structural rearrangements in the local P
environment around Na. This observation points to an essen-
tially invariant local environment around Na, independent of the
Al concentration.
Regarding the local structure around Al, the similar magnitude
of M2(
27Al{31P}) in the set of analyzed glasses may indicate a
certain structural similarity in the environments of P around Al.
In crystalline Al(PO3)3, there are six close phosphate tetrahedra
around the Al(VI) sites.32 TheM2(
27Al{31P}) value obtained for
this compound is (5.4( 0.2) 106 rad2 s2, which is close to the
values determined for Al(IV), Al(V), and Al(VI) sites in the
Al(PO3)3 glass. On the basis of this similarity, there is no
experimental evidence for the formation of AlOAl bonds in
the glass. The same conclusions may be extended to the rest of
the analyzed glasses, according to the similarity of the M2(
27Al-
{31P}) values in Table 6. This result supports two of the basic
assumptions used to describe the structure of ternary phosphate
glasses:1719 the absence of AlOAl bridges and the linkage
between PO4 and AlOn polyhedra through corners instead of
edges or faces. These properties of the medium-range order are
compatible with previous models proposed for binary ultrapho-
sphate glasses.16
The linear evolution observed for the 27Al chemical shift in the
three glass systems indicates atomic-scale mixing of this species
with the second cation. This observation is consistent with the
absence of segregation in Al(PO3)3-like regions determined from
the analysis of the Q2m populations. According to Figure 9a, the
values of 27Al δCS follow two well-deﬁned trends with composi-
tion. First, in all systems there is a decrease in the 27Al δCS values
of Al(VI) with the increase in the Al concentration. This trend is
consistent with the process of charge redistribution proposed by
Metwalli and Brow to explain the decrease in the Al CN observed
in aluminum metaphosphates,35 which is a behavior also ob-
served in these three glass systems. According to their descrip-
tion, as the MNBO bonds (M = K, Na, or Pb) are substituted
by less ionic AlNBO bonds, more charge transfer is required
from other Al neighbors to P. This process should shift the 27Al
resonance to lower frequencies, as experimentally observed. Also,
the average coordination of Al is expected to decrease, as the
charge transfer from Al(IV) is greater than that from Al(VI). 35
The second trend observed in Figure 9a for 27Al δCS values is
their dependence on the second cation species, with chemical
shifts decreasing in the sequence δCS(KAl) > δCS(NaAl) >
δCS(PbAl), when considering glasses with the same Al con-
centration. This behavior is correlated with the increase in the
ionic potential, deﬁned as the valence divided by ionic radii given
by Shannon and Prewitt,36 0.72 Å1 for K+, 0.98 Å1 for Na+,
and 2.13 Å1 for Pb2+, and can be explained by an analogous
charge distribution process as described above. It is interesting to
note that the diﬀerences in charge transfer in KAl and NaAl
glasses are not as strong as to cause appreciable diﬀerences in the
Al CN (Figure 8), but they are clearly revealed by diﬀerences in
the 27Al chemical shifts (Figure 9a). On the other hand, the
values of Al CN for the PbAl system are systematically lower
than those for the alkaliAl glasses. This behavior is also a
consequence of the charge transfer mechanism described pre-
viously, as PbO bonds are considerably less ionic than NaO
and KO bonds.35
The values of the average 27Al quadrupolar coupling para-
meter Pq increase with increasing Al concentration in the three
glass systems, as seen in Figure 9b. For concentrations with x >
0.40, all the values converge to the same linear evolution
observed in PbAl glasses, within the uncertainty of the deter-
mination. Only for those glasses with the lower concentrations of
Al, the Pq values in alkaliAl glasses seem slightly smaller than in
PbAl. These results suggest that the nature of the second
chemical species (Na, K, or Pb) has a weak eﬀect in determining
the local geometry of the Al(VI) sites.
V. CONCLUSION
The ﬁndings presented here indicate the existence of nonran-
dom bonding between the NBO and the two cation species in
ternary aluminophosphate systems, in accordance with the bond
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preferences observed in binary phosphates. The 27Al{31P}REDOR
experiments in the three glass systems indicate that the environ-
ments of Al have many close P atoms, with second moment
values of 27Al{31P} dipolar coupling equivalent to that measured
in crystalline Al(PO3)3. This similarity points to a local structure
in the glass without AlOAl bonds and with Al- and P-co-
ordination polyhedra probably sharing only corners. The 23Na-
{31P} REDOR experiments reveal that the local phosphate
environment around the Na sites is invariant, irrespective of
the Al concentration. The local geometry of the Al(VI) sites is
essentially insensitive to the nature of the second cation (Na+,
K+, or Pb2+) but strongly dependent on the concentration of Al
in the glass. The average coordination number for Al decreases as
more covalentMObonds, withM = Pb or Al, are present in the
glass. A common behavior in the phosphate speciation is inferred
in the NaAl, KAl, and PbAl glass systems. The analysis of
the phosphate populations and the 31P{27Al} REAPDOR experi-
ments in the three systems show that up to intermediate Al
concentrations the association of P with Al occurs preferentially
through one NBO per phosphate tetrahedron, (i.e., forming Q21
units). For glasses with higher Al content, all P are associated
with a close Al either through one or two NBO, yielding a {Q21,
Q22} speciation. In particular, the existence of cation segregation
in these glasses can be discounted. The quantitative analysis of
the phosphate populations shows that the distribution is close to
binary {Q20,Q
2
1} for KAl and PbAl glasses. In the NaAl
system, the observed speciation deviates from the binary dis-
tribution at intermediate concentrations of Al, indicating the
presence of a small fraction of Q22 coexisting with Q
2
0 and Q
2
1.
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